We studied the effect of increased water content on the dynamics of the lithosphere-asthenosphere boundary in a postsubduction setting. Results from numerical mantle convection models show that the resultant decrease in mantle viscosity and the peridotite solidus produce small-scale convection at the lithosphere-asthenosphere boundary and magmatism that follows the spatially and temporally scattered style and volumes typical for collision magmatism, such as the late Cenozoic volcanism of the Turkish-Iranian Plateau. An inherent feature in small-scale convection is its chaotic nature that can lead to temporally isolated volcanic centers tens of millions of years after initial continental collision, without evident tectonic cause. We also conclude that water input into the upper mantle during and after subduction under the circum-Mediterranean area and the Tibetan Plateau can account for the observed magmatism in these areas. Only fractions (200-600 ppm) of the water input need to be retained after subduction to induce small-scale convection and magmatism on the scale of those observed from the Turkish-Iranian Plateau.
Trace element characteristics of the least-evolved magmas indicate subduction-modifi ed lithospheric mantle sources (high Th/Yb, La/Nb) with or without an ocean island basalt (OIB)-like asthenospheric component (Pearce et al., 1990; Keskin et al., 1998; Neill et al., 2013) . Rarer OIB-like centers with low Th/Yb and La/Nb are also found (Pang et al., 2012) . Low-degree melting (<<10%) occurred in the spinel stability fi eld or in some cases deeper (>75 km) in the garnet stability fi eld (Pang et al., 2012; Neill et al., 2013) . Some more evolved centers show extensive Sr isotope evidence for crustal contamination (Pearce et al., 1990) .
The magmatism has been attributed to slab break-off (Keskin, 2003) and/or lithospheric delamination (e.g., Pearce et al., 1990) . Seismic studies give support to these ideas, as the lithosphere at a distance from the suture is relatively thin (<100 km in eastern Anatolia and adjacent areas) with low shear wave velocities at 100 km depth (Maggi and Priestley, 2005; Angus et al., 2006) . However, low seismic velocities could partly be explained by compositional variation (e.g., high fl uid content, partial melts) of the lower lithosphere rather than by its absence (Kaviani et al., 2007) . Magmatism also occurs in areas with lithosphere >100 km thick . The nature of slab break-off or delamination mechanisms is such that they would produce spatially and chronologically correlated patterns of magmatism. The propagation of the slab detachment is expected to produce more or less linear segments of magmatism, close to the trench, with a clear time-space relationship (Davies and von Blanckenburg, 1995; van Hunen and Allen, 2011) . The delamination of the lithospheric mantle as one coherent sliver (sensu Bird, 1978) causes the replacement of lithospheric mantle by asthenospheric mantle and consequent melting, propagating in the direction of the delamination and waning as the lithosphere cools down. Such features are not clearly observed on the Turkish-Iranian Plateau (Fig. 1) . Essentially singular events like slab break-off and delamination cannot alone explain magmatism that has a long history and shows no clear patterns in space or in time.
Here we suggest that the irregularity of the long-term syncollisional magmatism can be explained by small-scale sublithospheric convection, effectively a form of repeated and localized lithosphere delamination or dripping (as opposed to one-time regional catastrophic delamination), induced by the viscosity-and solidus-lowering effect of water added to the upper mantle by the precollision subduction, and possibly enhanced by asthenospheric stirring triggered by slab break-off.
WATER IN THE MANTLE
Our model relies on the assumption that the mantle on the overriding plate side was hydrated during subduction and retains some water left from melting of the mantle wedge. We assume mantle water contents of 200-600 wt ppm that lead to viscosity decrease, instability of the lithosphere-asthenosphere boundary, and thus to small-scale convection. The chosen range of water contents exceeds ambient asthenospheric concentrations [i.e., ~120 wt ppm H 2 O for mid-oceanic ridge basalt (MORB) source mantle; Dixon et al., 2004] , for which no magmatism should be expected. Chosen water contents are still small compared to the amounts causing arc magmatism in active subduction (2500-10000 wt ppm; Dixon et al., 2004) and cannot produce arc-like magmatism.
More than 2000 wt ppm of water can be incorporated into the nominally anhydrous minerals of the mantle peridotite at asthenospheric conditions (Hirschmann et al., 2005) . Direct observations from lherzolitic xenoliths have confi rmed concentrations of 28-175 wt ppm in the continental lithospheric mantle, and based on these observations the maximum water content of primitive mantle is estimated to be 245 wt ppm for garnet and 290 wt ppm for spinel lherzolite (Bell and Rossman, 1992) . The estimated partition coeffi cients of water led Bell et al. (2004) to conclude that ~100-200 wt ppm of water could be retained in the wedge melting residues above subduction zones.
Distribution of the hydrated mantle after subduction is unclear, but two observations suggest that elevated upper mantle water contents may exist over a large area and persist for signifi cant periods after subduction has ceased. (1) The source regions of the backarc volcanism of active subduction zones show water content values above MORB source region values even as much as 400 km away from the trench (a global compilation of glasses and olivine hosted melt inclusions; Kelley et al., 2006) . (2) Hydrous, potassic volcanism with arc affi nities for tens of millions of years after active subduction has been observed, thus implying that the mantle can remain hydrated on at least these time scales (e.g., Feldstein and Lange, 1999 , and references therein). Wadsleyite, a high-pressure polymorph of olivine, is able to hold as much as 20,000 wt ppm water at the mantle transition zone below subduction zones, and could also be a source of water in the upper mantle (Richard and Iwamori, 2010) .
GEODYNAMIC MODELING
We quantify the role of lithospheric dripping on magmatism using geodynamic models for the upper mantle and crust, taking into account the role of increased water content on lithosphere stability and melting. The model comprises an initially 100-km-thick (1350 °C isotherm) lithosphere, which represents the overriding plate after active subduction has ceased. The model domain is homogeneously hydrated with various amounts of water, taken to be left from the previous subduction.
Mantle melting is parameterized using the hydrous peridotite melting model by Katz et al. (2003) that takes into account the solidus lowering effect of water at varying pressure. Water is handled as an incompatible element with bulk distribution coeffi cient, D = 0.01, and is removed with the melt at each time step using a batch melting model. Melt depletion affects the mantle density by making it more buoyant (Schutt and Lesher, 2006) .
We take into account the effect of water on mantle rheology (e.g., Hirth and Kohlstedt, 2003) . We parameterize the weakening with η η hydrous dry where
where X H 2 O (wt ppm) is the bulk water content and a (wt ppm) is the water sensitivity parameter controlling how large X H 2 O needs to be to decrease the viscosity by factor of 10. This parameterization is constrained by experimental results showing that viscosity in hydrous olivine aggregates decreases exponentially with the water fugacity, and that the maximum difference between dry and water saturated viscosities is about two orders of magnitude (Hirth and Kohlstedt, 2003) . The water sensitivity parameter captures the effects of multiple physical parameters (value of the exponent, water content and water fugacity relationship, water partitioning between mantle minerals) and their uncertainties, but has a clear physical meaning (rheological sensitivity to water), thus allowing an easier parameter study of the effects of water on the formation of small-scale convection. We use values of 200-500 ppm for a, leading to viscosity weakening of 0.7-1.4 orders of magnitude. The lower boundary is restricted by assuming that ambient mantle water contents should not lead to signifi cant weakening, whereas values of a > 500 ppm do not change the results signifi cantly compared to the case of a = 500 ppm. The viscosity parameterization leads to minimum effective dry asthenospheric viscosities of 5 × 10 19 Pa·s. (For a detailed method description, see the GSA Data Repository 1 .)
MODELING RESULTS
Reduced viscosity, due to the elevated water content, increases the vigor of convection, leads to instability of the base of the lithosphere, and so to dripping of the lithosphere into the underlying asthenosphere. There is no signifi cant permanent thinning of the lithosphere. A smallscale convection pattern forms at the lithosphere-asthenosphere boundary (Fig. 2) , with convection cell diameters ranging from <100-300 km. This convection makes decompression melting of the asthenosphere possible. The viscosity of the melt-depleted mantle material increases because of the partial removal of the water with the partial melts. Depleted mantle, being more viscous and more buoyant, adheres to the bottom of the lithosphere for a while before being removed by the convection. This can cause the melting in the convection cell to pause. The convection cells migrate laterally, so that the locations of decompression melting also change; the behavior is seemingly random.
Plotting the rate of volcanism against time and location (Fig. 3) shows an irregular pattern, where the volcanic centers are active from less than couple of million years to tens of millions of years, and can have signifi cant time lags after the start of the postsubduction period. Production rates vary between <20 m/m.y. to hundreds of meters per million years. In all estimates of the volume or production rate of the volcanism in our results, mantle melts are assumed to percolate directly and instantaneously to the surface, forming a volcanic layer with average thickness. In reality, only a certain proportion of the melts produced contribute to the extrusions visible at the surface. The total volume of melt produced for different values of a and X H 2 O is shown in Figure 4 .
DISCUSSION
The temporal and spatial patterns of magma production (Fig. 3) are irregular but all have dominating spatial wavelengths of ~200 km (fast Fourier transform analysis; see the Data Repository). This corresponds to the typical distances (Fig. 3) between larger volcanic centers in the models. Reactivation time (Fig. 3) of the larger volcanic centers depends on the total viscosity decrease, but generally ranges from 5 to 20 m.y. With lower H 2 O dependency of viscosity, the volcanic centers tend to have longer, more diffuse lifespans, whereas higher H 2 O dependency produces shorter lifespans with more frequent reactivation (cf. Figs. 3A and 3B ).
This irregular pattern of volcanism is the most striking feature common to both our models and the volcanism of the Turkish-Iranian Plateau. The appearance of a volcanic center millions of years after the initial collision can be simply explained by the chaotic nature of the small-scale convection. The heterogeneous chemical signature of the volcanism, a result of variable asthenospheric and lithospheric mantle contributions to melting, can be explained by the small-scale convection effectively mixing lithosphere with asthenosphere near the spinel-garnet transition zone. In addition to the decompression melting, convection advectively heats the lithosphere, and can aid the compressional melting of hydrous phases of the lithosphere as it is being dripped down to the asthenosphere.
The most voluminous volcanism of the plateau, in eastern Anatolia, covers two-thirds of the area and averages perhaps a few hundred meters in thickness (e.g., Keskin et al., 1998) . These amounts can be reproduced with many combinations of water content and water sensitivity (Fig. 4) , even if intrusive magmatism is signifi cant in amount, showing that smallscale convection is a viable mechanism for the volcanism, regardless of the uncertainties in water content and parameter a.
The thinning of the thermal lithosphere is too minor to produce signifi cant uplift. It is more important that small-scale convection can lead to localized thinning of the lithosphere, thus creating favorable conditions for the start of complete (catastrophic) mantle delamination, as described by Morency and Doin (2004) . Nevertheless, our results show that no whole mantle delamination is required to produce voluminous collision zone volcanism. An extended period of magmatism (tens of millions of years) after the onset of continental collision is an inherent feature of the water-induced instability of the lithosphere-asthenosphere boundary and sublithospheric small-scale convection, and requires no other explanation than the input of water to the lithospheric and asthenospheric mantle during previous subduction. Small-scale convection could be enhanced by slab break-off or wholesale lithospheric mantle delamination, but neither of these is prerequisite for small-scale convection and the resultant magmatism.
The general mechanism of water weakening and volcanism produced by small-scale convection could also be applied at a larger scale to the anorogenic igneous activity of the circum-Mediterranean region (Lustrino and Wilson, 2007) , where large areas of mantle transition zone might have been hydrated by the Mediterranean subduction zones (Nolet and Zielhuis, 1994) . We furthermore suggest applications of this model for the Tibetan Plateau, where localized magmatism has been a persistent feature of the India-Eurasia collision zone (Chung et al., 2005) . More generally, occurrence of long-lasting magmatism without evident tectonic cause, sedimentation, or faulting can be explained by the activation of the most basal lithosphere whenever enough water is present, without the need to involve different theories for the cause of each volcanic center separately.
